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ABSTRACT: We present a method for producing gold nanorods surrounded by a 
hollow polymeric shell of polystyrenesulfonate and show that the cavities of such 
particles can be filled with various organic dyes. The approach consists of covering 
gold nanorods with silica, followed by its slow hydrolysis in an aqueous medium in the 
presence of the polymer thin layer permeable for dye molecules. The proposed 
method enables the yolk—shell nanoparticles to be obtained and loaded with organic 
dyes without a need to use thermal treatment and/or chemical etching, which makes 
it suitable for use in the creation of spasers. 
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D espite the enormous amount of research done on gold showed that different functional substances, such as 
nanoparticles (GNPs), they are still of tremendous therapeutic agents, can be incorporated into yolk—shell 
interest for their unique optical, catalytic, and electronic nanoparticles.'”'® However, most of the current synthetic 
properties, etc.” For example, many of the current rapid approaches involve multistep synthetic procedures, including 
SARS-CoV-2 self-tests rely on GNPs, which results from their thermal treatment and/or chemical etching. Furthermore, the 
facile functionalization for biomedical applications.’* The loading of the hollow space with chemicals often requires 
most recently explored application of gold nanoparticles is additional processing steps which eventually lead to a low 
their utilization as a resonator in plasmonic nanolasers loading.'”"'? Thus, a straightforward and reproducible 
(spasers).”° Here, GNPs are surrounded by a thin layer of approach to fabricate yolk—shell nanoparticles is still a 
an active medium whose emission band overlaps with the challenge and highly desired. In this work we present a facile 
spectrum of localized surface plasmons of the GNP. For this method to obtain gold nanorod (GNR)-containing yolk—shell 
purpose, colloidal core—shell spasing nanoparticles have been nanoparticles by the formation of a polystyrenesulfonate (PSS) 
created, where molecules of an active medium are infiltrated shell with simultaneous hydrolysis of a previously grown 
into the mesoporous silica shell surrounding the gold core. The sacrificial silica template in an aqueous medium. The resulting 
downside is that the amount of the dye involved in the spaser particles are extraordinarily stable in both polar and nonpolar 
generation, and consequently the intensity of generation, is solvents and exhibit a high loading capacity for organic dyes. 
limited by the pore capacity of the silica shell. In contrast to The GNRs were synthesized following the procedure 
the mesoporous silica, yolk—shell particles, due to their larger described elsewhere with minor modifications by the reduction 
available volume, are outstanding alternative candidates for the of chloroauric acid with 3-aminophenol in the presence of 
spaser creation. Besides, such particles can also be used as CTAB.” In the next step GNR@mesoporous silica core—shell 
nanoreactors or biological probes for cancer detection, which structures (GNR@mSiO,) were fabricated by adding 


emphasizes their versatility.”° 

The currently dominant applied strategy to obtain yolk— 
shell particles relies on the removal of a sacrificial template.’ 
This route can be described as a shell-by-shell deposition 
process where core-shell particles are covered with an 
additional outer shell of an organic or inorganic material. 
Subsequently the inner shell, which served as a template, is 
removed by dissolution with chemical agents or by heating, 
thereby forming yolk—shell particles. Silicon dioxide is the 
most common sacrificial template for yolk—shell particles of 
different types owing to its fabrication simplicity, nontoxicity, 
and chemical affinity to various core materials.'° For example, 
space-confined synthetic approaches were used to obtain 
various types of yolk—shell particles.''~'* Past studies have 


tetraethoxysilane to the freshly synthesized GNR suspension 
(see details in the Supporting Information). The mesoporous 
silica layer, with a thickness of ~35 nm, uniformly coats the 
surface of the GNR with open mesoporous channels pointing 
radially away from the gold core (Figure la, inset). These 
particles are positively charged (+35 mV), due to remaining 
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Figure 1. TEM images of GNR@mSiO,@PSS particles after (a) 4h 
of hydrolysis, (b) 24 h of hydrolysis, (c) 48 h of hydrolysis, and (d) 
final GNR@PSS particles. 


CTAB molecules, and do not undergo any visible morpho- 
logical change even after several months of storage. 

Then the particles were coated with a thin layer of PSS, a 
negatively charged polyelectrolyte which electrostatically 
interacts with the silica surface resulting in the GNR@ 
mSiO,@PSS particles formation. After solvent removal by 
centrifugation and addition of water, the sacrificial silica layer 
slowly hydrolyses and is completely removed within 48 h.”* It 
is known that the synthesis of silica nanoparticles by sol—gel 
methods usually takes place through incomplete hydrolysis and 
polycondensation of organosilane precursors (e.g. TEOS). 
The presence of highly disordered and discontinuous Si-O—Si 
bonds results in the formation of amorphous SiO, structures. 
Such colloidal particles, when diluted in water, can undergo 
hydrolysis via breaking the Si-O—Si network and producing 
mainly orthosilicic acid Si(OH), until an equilibrium is 
established.”*~~* 

To understand the etching process in more detail and to 
monitor how the GNR@mSiO,@PSS core-shell particles 
transform into yolk—shell structures, time-dependent TEM 
monitoring was conducted (Figure 1). As it can been seen in 
Figure la, within 4 h after centrifugation the particles still 
maintained their original shape and structure. At this stage we 
could not clearly observe the PSS layer on the surface, which is 
due to the low contrast difference between silica and the 
polymer. Twenty-four hours (Figure 1b) later the particles no 
longer had clear boundaries, likely due to the diffusion of silica 
hydrolysis products. After 48 h (Figure 1c), because most of 
the silica had been dissolved, a PSS layer with a thickness of 
several nanometers became visible (more detailed pictures are 
in Supporting Information Figure $1). It should be noted that 
the hydrolysis process was carried out at rest since intense 
mixing, heating, or sonification led to the collapse of the PSS 
shell. Afterward, to enlarge the shell thickness up to 15 nm 
(Figure 1d), more polymer was added and gently mixed for 8h 
at room temperature, yielding stable GNR@PSS particles (a 
picture of low magnification is presented in Figure $2). The 
scheme of the entire process is depicted in Figure 2. When the 
first polymer portion is added, the PSS molecules electrostati- 
cally interact with the positively charged porous SiO, surface, 
forming a thin layer. The distance between the molecules is 
large enough and therefore porous enough for the products of 
silica hydrolysis, mainly Si(OH),, to pass through the layer. 
The interaction between neighboring polymer molecules is 
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Figure 2. Scheme of GNR@PSS particles synthesis. 


likely to be reinforced by Si(OH), molecules situated between 
PSS chains, forming a network, which contributes to the 
stability of the shell. This hypothesis is indirectly confirmed by 
EDX (Figure S3), where the presence of silicon in the shell is 
visible. When more polymer is added, the PSS chains become 
embedded into the network or stacked on top of it, thereby 
densifying the shell. According to dynamic light scattering 
measurements, the yolk—shell particles are negatively charged 
(—42 + 2 mV; Figure S4) with a hydrodynamic diameter of 
140 nm, which is in good agreement with TEM data. When the 
particles are completely formed, they are stable in water, 
ethanol, THF, DMSO, and other solvents. 

Figure 3a shows the UV—vis spectra of the samples studied. 
The absorption peak around 520 nm corresponds to the 
transverse surface plasmon band of the GNR; the absorption 
peak around 840 nm is ascribed to the longitudinal surface 
plasmon resonance band (LSPR). In comparison with the 
GNR, the LSPR band of GNR@mSiO, nanoparticles is red- 
shifted by about 21 nm (from 831 to 852 nm) due to the 
difference in the local dielectric constants of the surrounding 
medium. However, after the formation of GNR@PSS yolk— 
shell structures, the LSPR band blue-shifted from 852 to 840 
nm, resulting from the removal of the mesoporous SiO) shell. 
Figure 3b shows the FTIR spectrum of the GNR@PSS 
particles (red curve), which is very similar to that of pure PSS 
(black curve). The broad peak in the frequency region of 
3700-3000 cm™! (OH stretching vibration) as well as the 
band in 1700-1570 cm! (H,O scissoring vibration) result 
from residual water in the samples. The peaks at 2921 and 
2850 cm™' are attributed to the stretching vibration of 
methylene groups of the polymeric chain, and the bands at 
1123 and 1008 cm™! can be assigned to the in-plane skeleton 
and bending vibrations of the benzene ring. The peaks at 1183 
and 1034 cm! are attributed to the antisymmetric and 
symmetric vibrations of SO, groups, respectively. Note that a 
decrease in the intensity of the 673 cm™! band (S—O 
vibration) is likely related to the decreased polarity of the 
SO, groups associated with the positively charged remains of 
GNR@mSiO,.”°> The XRD patterns of the GNR@PSS 
particles show three well-resolved diffraction peaks corre- 
sponding to the 111, 200, and 220 planes of face-centered 
cubic metal gold (PDF 4-784) with a good crystallinity (Figure 
SS). A characteristic halo at around 20—30°, corresponding to 
amorphous silica, was absent. 
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Figure 3. (a) UV-vis spectra of GNR, GNR@mSiO,, and GNR@ 
PSS particles. (b) FTIR spectra of GNR@PSS and pure PSS. 


Inspired by the developed synthetic approach, we elaborated 
a simple method to fill the yolk—shell particles with organic 
dyes. 

Because the removal of the sacrificial silica layer was caried 
out in the presence of the initially thin PSS layer, we 
considered this layer to be largely permeable to various 
molecules. Therefore, we added uranine (fluorescein sodium 
salt) or indocyanine green (ICG) to the nanoparticles 
suspension 48 h after the start of the hydrolysis. To 
encapsulate the dye molecules within the yolk—shell particles, 
we added more polymer to the suspension at various time 
intervals. The loading capacity of the GNR@PSS particles was 
estimated differentially by UV—vis intensity measurements of 
the dye supernatants obtained after centrifugation at 488 nm 
(uranine) and 770 nm (ICG). We observed that the amount of 
the encapsulated dyes increases with time, as evidenced from a 
decrease in the intensity of the supernatant solutions. It 
reaches a maximum after 24 h and does not change afterward 
(Figure 4a,b). The results of our study show that up to 46% of 
uranine and 68% of ICG was captured by the GNR@PSS 
nanoparticles. We speculate that the difference in the loading 
capacity can be explained by the difference in polarity of the 
dye molecules. ICG molecules contain one pyrrolium group 
(positive charge) and two sulfonic groups (negative charge). In 
purified water (pH ~ 5.5) the sulfonic groups are partially 
protonated, which makes the molecules relatively more 
positively charged. Uranine molecules do not have such 
positively charged groups, and, consequently, the negatively 
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Figure 4. UV-vis absorption spectra (a, b) of original uranine (a) 
ICG and (b) aqueous solutions and the residual content of the dyes in 
the supernatant after interaction with GNR@PSS particles. Fluo- 
rescence emission spectra (c, d) of the uranine-loaded (c) and ICG- 


loaded (d) GNR@dSiO2@PSS yolk—shell particles. 


charged PSS surface attracts ICG molecules more readily while 
repelling the negatively charged uranine molecules. It should 
be noted, when the dyes were added to the stable particles 
whose polymer shell was formed, the loading capacity did not 
exceed 10% in both cases. The procedure described in the 
present work does not require the use of any etching agents, 
heating, or additional chemical functionalization of the 
nanoparticles, which makes it very attractive from the point 
of view of practical applications. 

Panels c and d of Figure 4 show the emission spectra of the 
GNR@PSS particles filled with uranine and ICG at the 
maximum loading capacity. All of the emission spectra were 
measured at excitation wavelengths of 488 nm (uranine) and 
775 nm (ICG). The fluorescence intensity of the uranine-/ 
ICG-loaded GNR@PSS particles was lowered compared to the 
pure dye solutions of the same concentration. We assume that 
this fact is associated with the nonradiative energy transfer 
processes arising when a metallic surface is in direct contact 
with the fluorophore.°”’ To avoid this effect, prior to 
obtaining mesoporous silica shell, the gold nanorods were 
covered with a thin layer of ordinary dense silica (GNR@ 
dSiO,), which does not undergo hydrolysis and retains its 
integrity within the entire synthesis process (Figure 4c, inset). 
According to the literature, to reach the maximum of 
fluorescent enhancement, the optimal thickness of such an 
initial shell should lie in the range between 7 and 15 nm.”* In 
our experiments the shell thickness was ~10 nm (Figure S6). 
In this case, the fluorescence enhancement factors were 2.3 
(uranine) and 4.7 (ICG). The lower amplification factor of 
uranine can be explained by the lower overlapping between the 
transverse surface plasmon band of GNR and the absorption 
bands of the dye. Another possible explanation is that the 
fluorescence of molecules with a quantum yield close to unity 
can only be amplified via the excitation rate, while the emission 
of less efficient emitters can be enhanced via both the 
excitation rate and the increase of quantum efficiency.” The 
dye amount released from the particles after 24 h was ~10% 
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for both fluorophores, and there was almost no release 
afterward. 

In summary, we proposed a facile and reliable method to 
obtain GNR@PSS yolk—shell nanoparticles through the 
gradual formation of the polymer shell and simultaneous 
etching of sacrificial mesoporous silica. This approach makes it 
possible to charge the particles with organic dyes without using 
additional chemicals or etching agents. The particles have a 
high loading capacity, exceptional stability, and a great 
potential for spaser applications. They can also be used for 
other purposes such as the creation of biomedical probes, 
nanocontainers, and so on. 
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